Chloride-bearing clasts from the Udachnaya-East pipe kimberlites, Yakutia, Russia, contain abundant to accessory rasvumite, KFe 2 S 3 , and djerfisherite, K 6 Na 0-1 (Fe,Ni,Cu) 24 S 26 Cl, which have been previously described in the groundmass of the host kimberlite. Rasvumite occurs in chloride-"nyerereite" and carbonate clasts, where it forms prismatic crystals (up to 5 mm) or is associated with djerfisherite in a rim around pyrrhotite. Djerfisherite is the omnipresent sulfide in all types of chloride-containing clasts, in which it rims pyrrhotite and forms individual xenomorphic to subhedral grains and, more rarely, octahedral crystals at the contact with host kimberlite. In chloride clasts and the host kimberlites, the following sequence of crystallization was found: pyrrhotite ! rasvumite ! djerfisherite, reflecting an increase in the activity of Cl in the evolved melt. The composition of rasvumite from the Udachnaya-East pipe is close to ideal KFe 2 S 3 , with low abundances of Rb, Cs and Na (<0.9, <0.2 and <0.15 wt.%, respectively). Analyses of the rasvumite by the LA-ICP-MS technique indicates the presence of Tl (95-480), Ba (110-215), , Te (up to 60), Se (20-135) and Co (25-100 ppm). These data also indicate compositional differences between unaltered rasvumite and its oxidized rim; the levels of Na, Mg, V, Mn, Ni, As, Sr, Sb and W increase by an order of magnitude. Unlike djerfisherite in the kimberlite groundmass, that in the chloride clasts is generally characterized by higher amounts of Fe and lower amounts of Cu, with low contents of Rb (<2000 ppm), Cs (<100 ppm), and Tl (<330 ppm). Sulfides of potassium in chloride-bearing clasts are considered to be primary phases crystallized from an evolved kimberlitic melt.
iNtroductioN
Chloride-containing clasts have been recently found in the diamondiferous Udachnaya-East pipe in Yakutia (Kamenetsky et al. 2006 . They occur in the deep levels of the pipe (>350 m) in exceptionally fresh kimberlites (Marshintsev et al. 1976) . The lack of secondary, alteration-related minerals in these Udachnaya-East kimberlites (UEK) is associated with an essentially carbonate-chloride groundmass and the presence of chloride-bearing clasts (Kamenetsky et al. , 2006 .
Chloride minerals (principally halite and sylvite) are unusual for magmatic rocks in general. Until recently, the only rocks known to host an abundant magmatic chloride (Na-bearing sylvite) are the natrocarbonatites of Oldoinyo Lengai (Keller & Kraft 1990 , Mitchell 1997 , 2006a . The origin of chloride-bearing clasts in the UEK and salts in other Siberian kimberlites is still debated (Pavlov & Ilupin 1973 , Egorov et al. 1988 , Kornilova et al. 1998 , Golovin et al. 2007 . However, most recent petrological, geochemical and melt-inclusion studies provide strong evidence for high-temperature crystallization of chlorides in the UEK , Maas et al. 2005 and demonstrate a mineralogical similarity to the groundmass of the natrocarbonatite lavas of Oldoinyo Lengai volcano (Kamenetsky et al. 2006 , b, Sharygin et al. 2007b . The mineral assemblage of the chloridebearing clasts in the UEK is exceptionally diverse, compared to the host kimberlites, and resembles the mineralogy of some evolved peralkaline and carbonatite magmas (Dawson et al. 1992 , 1995a , Mitchell 1997 , 2006a , Stoppa et al. 1997 , Lisitsin et al. 2002 . One of the striking similarities between the UEK chloridebearing assemblages and alkaline silicate -carbonatite magmatic associations is the occurrence of the potassium sulfides rasvumite and djerfisherite.
In this study, we describe a new occurrence of rasvumite and djerfisherite in the UEK chloride-bearing clasts and consider their origin on the basis of textural and chemical data.
BAcKGrouNd iNformAtioN
Rasvumite, KFe 2 S 3 , has been previously described in agpaitic rocks from Khibina and Lovozero, Kola Peninsula, and Mont Saint-Hilaire, Quebec (Sokolova et al. 1970 , Czamanske et al. 1979 , Ifantopulo et al. 1983 , Gebhard & Schlüter 1994 , Chakhmouradian et al. 2001 , Lisitsin et al. 2002 , Yakovenchuk et al. 2003 , alkali-rich volcanic rocks at Coyote Peak, California, and Point of Rocks, New Mexico (Czamanske et al. 1979 , DeMark 1984 , natrocarbonatites of the Oldoinyo Lengai volcano, Tanzania (Jago & Gittins 1999 , Mitchell 2006a , and high-temperature skarns in Norway (Jamtveit et al. 1997) .
Djerfisherite, K 6 Na 0-1 (Fe,Ni,Cu) 24 S 26 Cl, appears to be more common than rasvumite. It occurs in meteorites and terrestrial rocks such as mafic alkaline rocks (e.g., kimberlites), agpaitic rocks and related carbonatites, and also specific types of ore deposits associated with alkaline mafic and more siliceous magmas (Cu-Ni ores and skarns) (Clarke et al. 1994 , Barkov et al. 1997 , and references therein, Zaccarini et al. 2007 ).
cHloridE-coNtAiNiNG clAStS
ANd tHE HoSt KimBErlitE Unaltered kimberlites, which host chloride-bearing clasts, are found in the central part of the UdachnayaEast pipe at a depth of 350-500 m. These rocks also contain xenocrysts and xenoliths of mantle and crustal origin. Phenocrysts of olivine and rare phlogopite are set in the fine-grained groundmass composed of olivine, calcite, phlogopite, perovskite, zoned spinel [from core to rim: (Mg,Fe)(Cr,Al,Fe) 2 O 4 -(Mg,Fe)(Fe,Ti,Al) 2 O 4 -(Mg,Fe)Fe 2 O 4 ], ilmenite, Na-Ca and Na-K-Ca carbonates, halite and sylvite. The most common accessory minerals are pyrrhotite, djerfisherite, rasvumite, apatite and sphalerite.
The kimberlites contain abundant segregations and clasts consisting of chlorides (Kamenetsky et al. , 2006 . Their shapes and sizes are variable, from spherical and round to angular and from 0.5 to 30 cm in diameter, rarely up to 1 m. The contacts of the clasts with the host kimberlite are sharp (<1 mm), without evidence of thermal metamorphic effects. In some cases, the contact zone is composed of a breccia-like aggregate of olivine, calcite, Na-Ca carbonates, sodalite, phlogopite-tetraferriphlogopite, humite-clinohumite, perovskite, apatite, Fe-Ti oxides, djerfisherite and alkali sulfates set in a matrix of chlorides (Kamenetsky et al. 2006 .
The mineral assemblage of the clasts is dominated by chlorides, and the chloride-rich (>90-95% NaCl + ppm), Cs (<100 ppm), et Tl (<330 ppm). Les sulfures de potassium des clastes à chlorures sont jugés être des phases primaires cristallisées à partir d'un magma kimberlitique évolué.
(Traduit par la Rédaction)
Mots-clés: rasvumite, djerfisherite, clastes de chlorures, carbonatite, kimberlite, rubidium, césium, cheminée Udachnaya, Yakoutie, Russie.
KCl) varieties are most common. Chloride-carbonate (~50% NaCl + KCl), chloride -carbonate -silicate (50-70% NaCl + KCl), and carbonate-rich clasts (<10% NaCl + KCl) are less common. The chloride-carbonate clasts are represented by nyerereite-like sulfate-bearing Na-K-Ca carbonate and shortite -northupite -calcite assemblages (Kamenetsky et al. 2006 . In addition to chloride and carbonate components, the presence of fine-grained aggregate of chlorides, silicates, carbonates and sulfates ± sulfides (1-5 vol.%, rarely up to 30 vol.% in chloride -carbonate -silicate species) is typical of the clasts. In individual samples of essentially chloride clasts, such aggregates vary from chloridesulfate -silicate to chloride -carbonate -silicate in composition, and are commonly found among chloride grains or near a contact with the host kimberlite.
Textural and mineralogical features and occurrences of potassium sulfides in all types of chloride-bearing clasts are compared with the UEK groundmass in Table 1 . The minerals of the clasts are prone to alteration, with complete degradation observed under surface conditions. The water-soluble chlorides and alkali sulfates are dissolved, whereas alkali carbonates are replaced by pirssonite, Na 2 Ca(CO 3 ) 2 •2H 2 O, and other H 2 O-bearing carbonates, and a Fe-rich oxidized coating is developed on the surface of the sulfides of potassium. Similar alteration has been described as typical of the Oldoinyo Lengai natrocarbonatites (Keller & Kraft 1990 , Genge et al. 2001 , Mitchell 2006b ).
ANAlYticAl tEcHNiquES
Doubly-polished rock sections (~50-100 mm in thickness) and individual grains of K sulfides mounted in epoxy were used for optical examination in transmitted and reflected light. Quantitative analyses of rasvumite and djerfisherite were performed using a CAMEBAX-micro electron microprobe at the Institute of Geology and Mineralogy (IGM), Novosibirsk, Russia, using an accelerating voltage of 20 kV and a beam current of 15-25 nA, a beam diameter of about 2 mm, and a counting time of 40 s. Precision for major elements was better than 2% relative. We used the following mineral standards and synthetic compounds for the analysis of sulfides: chalcopyrite and pyrrhotite (Fe, Cu and S), synthetic Fe-Ni-Co alloy (Ni, Co), albite (Na), sanidine (Si, Al and K), apatite-(CaCl) (Cl), synthetic RbNd(WO 4 ) 2 and CsNd(MoO 4 ) 2 (Rb and Cs, respectively). The electron-microprobe analyses were undertaken on grains larger than 10 mm. Backscattered electron images (BSE) were obtained with a JEOL 6380LA scanning electron microscope at IGM, Novosibirsk, and a FEI Quanta-600 scanning electron microscope at the University of Tasmania, Hobart.
Trace-element concentrations in the largest unaltered grains of sulfides were established by laser-ablation -inductively coupled plasma -mass spectrometry (LA-ICP-MS) at the University of Tasmania. This instrumentation consists of a New Wave Research UP213 Nd-YAG (213 nm) laser coupled to an Agilent 4500 quadrupole mass-spectrometer. For this study, analyses were performed in a He atmosphere by ablating spots of 25-50 mm in diameter at a rate of 5-10 pulses/s using a laser power of ~10 J/cm 2 . Data reduction was undertaken according to standard methods using the NIST612 and STDGL2b-2 glasses. Discrepancies in the concentrations of Na, Co, Ni and Cs determined by the electron microprobe and by LA-ICP-MS were ±15-20% relative, whereas Rb was higher by 17-63% relative in the LA-ICP-MS analyses. For comparison with UEK minerals, we analyzed by microprobe and LA-ICP-MS the K sulfides from agpaitic rocks of the Khibina and Lovozero intrusive complexes, and from kimberlite of the Internatsional'naya pipe (Yakutia), previously described by Sokolova et al. (1970) , Ifantopulo et al. (1983) , Lisitsin et al. (2002) and Sharygin (2006) .
potASSium SulfidES iN KimBErlitES ANd cHloridE-coNtAiNiNG clAStS
Djerfisherite is a common accessory groundmass mineral in the unaltered UEK, forming individual grains and an overgrowth around pyrrhotite. It also occurs as a daughter mineral in the olivine-hosted melt inclusions . Rasvumite is exceptionally rare in the UEK groundmass, and was first reported by Sharygin et al. (2007b) . It is present as small (<10-20 mm) anhedral grains in association with djerfisherite; both minerals form a rim around pyrrhotite relics (Figs. 1a, b) . The same relationships between the sulfides was found in small (<1-2 cm) carbonate-rich clasts occurring in UEK (Figs. 1c, d ).
Chloride-carbonate clasts are characterized by greater amounts of both djerfisherite and rasvumite than the UEK groundmass. The sulfide assemblage is mainly restricted to the contacts (within 1-2 cm) with the host kimberlite.
Rasvumite in the chloride-"nyerereite" clasts (samples Uv-1-03, Uv-5a-03, and Uv-5c-03) forms prismatic, commonly split crystals, up to 5 mm long, in a chloride matrix at the contact with "nyerereite" (Fig. 2) . Usually, the crystals are coated with a film of oxidation products. In some cases, tiny needles of rasvumite (up to 10 mm) are present within "nyerereite". Rarely, it forms euhedral grains (up to 50-100 mm) intergrown with djerfisherite in the fine-grained silicate -chloride -carbonate -sulfate aggregate, interstitial to the "nyerereite" crystals (Fig. 3) . Some rasvumite grains contain submicrometric inclusions of Cu sulfide (Fig. 3b) .
Djerfisherite in a chloride -shortite -northupitecalcite clast (Uv-2-03) is the only sulfide of potassium, occurring as subhedral grains in the chloride mass and euhedral inclusions in shortite (Fig. 4a) . We also found octahedral crystals of djerfisherite close to the contact with the host kimberlite (Figs. 4b, c) . In essentially chloride clasts, only djerfisherite was found. It rims pyrrhotite in a fine-grained aggregate between chloride grains or individual subhedral grains near the contact with kimberlite (Fig. 4d) .
rElAtioNSHipS AmoNG SulfidES
Rasvumite is the earlier-formed mineral where it coexists with djerfisherite in the UEK groundmass and chloride-containing clasts (Figs. 1, 3 ). Where pyrrhotite is present together with K-bearing sulfides, the following sequence was found: pyrrhotite ! rasvumite ! djerfisherite (Fig. 1) . A similar sequence was described for the rasvumite-bearing assemblages of the Khibina and Lovozero intrusions, and the skarns of Norway (Sokolova et al. 1970 , Ifantopulo et al. 1983 , Jamtveit et al. 1997 ). In the Oldoinyo Lengai natrocarbonatites, rasvumite and ternary KFe 2 S 3 -KFe 3 S 4 -K 2 Fe 3 S 4 sulfides form individual crystals or an overgrowth around alabandite (Dawson et al. 1995a , 1996 , Mitchell 1997 , 2006a , Jago & Gittins 1999 ). Djerfisherite has not been reported in natrocarbonatites, but is quite common in some of the silicate rocks of Oldoinyo Lengai (Dawson et al. 1992 (Dawson et al. , 1995b .
cHEmicAl compoSitioN of potASSium SulfidES

Rasvumite
Previously, unit-cell dimensions were obtained for rasvumite from the chloride-"nyerereite" clasts (samples Uv-1-03, Uv-5c-03) of the UEK . They are: a = 9.0346(16), b = 11.025(3), c = 5.435(3) Å, V = 541.3(3) Å 3 , and thus consistent with data for rasvumite from other localities (Sokolova et , Czamanske et al. 1979 , Clark & Brown 1980 , Chakhmouradian et al. 2007 ). Rasvumite, KFe 2 S 3 , is the most widespread of the natural sulfides of Fe with orthorhombic Cmmc symmetry in the system KFe 2 S 3 -RbFe 2 S 3 -CsFe 2 S 3 -TlFe 2 S 3 . Complete miscibility among the synthetic K, Rb and Cs end-members has been demonstrated by Mitchell et al. (2004) . The natural sulfides belonging to this system are rasvumite, picotpaulite, TlFe 2 S 3 , and pautovite, CsFe 2 S 3 (Johan et al. 1970 , Pekov et al. 2005 . The RbFe 2 S 3 phase is so far known only as an artificial compound (Mitchell et al. 2004) . Rasvumite from hyperalkaline rocks of the Mont Saint-Hilaire intrusive complex, in Quebec, Canada, has significant enrichment of Rb and Cs (Chakhmouradian et al. 2007) .
In general, the composition of rasvumite from the Udachnaya-East pipe is close to ideal KFe 2 S 3 . The abundances of Rb, Cs and Na are low (<0.9, <0.2 and <0.15 wt.%, respectively), and the variations of these elements within a single grain (core to rim) are insignificant (Table 2 ). In contrast, rasvumite from different lithologies of this pipe is notably variable in Rb content. Rasvumite from the UEK groundmass and essentially carbonate clasts contains 0.2-0.3 wt.% Rb, whereas rasvumite from the chloride-"nyerereite" clasts is more enriched (0.55-0.85 wt.% Rb, Fig. 5) . Analysis of the UEK rasvumite by LA-ICP-MS determined the presence of other trace elements (i.e., in ppm, Table 3 ): Tl (95-480), Ba (110-215), , Te (up to 60), Se (20-135), and Co (25-100). Compositional differences exist between unaltered rasvumite and its oxidized rim (Table 2, Fig. 6 ). In the rim, the abundances of Na, Mg, V, Mn, Ni, As, Sr, Sb and W increase by an order of magnitude, whereas Rb, Te, Cs, Ba, Tl are Pb are higher by a factor of 1.5-2.
The composition of rasvumite from the UdachnayaEast pipe is somewhat different from the composition fiG. 3. Associated K sulfides and ferroan sphalerite in fine-grained aggregate of chloride-"nyerereite" clasts (BSE images).
A-C: sample Uv-1-03; D: sample Uv-5a-03. Slv: sylvite; for other symbols, see Table 1 .
of rasvumite from peralkaline rocks and carbonatites (Tables 2, 3 Chakhmouradian et al. 2001 Chakhmouradian et al. , 2007 . Rasvumite found in the 1988 flows of the Oldoinyo Lengai natrocarbonatite volcano (Jago & Gittins 1999 ) is unusually Mn-rich (up to 3 wt.%), and contains elevated Na (up to 0.6 wt.%), Cl (up to 0.7 wt.%) and F (up to 1.9 wt.%). Rasvumite from the natrocarbonatite lavas erupted on July, 2000 is close to ideal stoichiometry, KFe 2 S 3 , and has low Mn, Na and Cl contents (Mitchell 2006a ) in contrast to the ternary potassic Fe sulfides found in other lavas. These are enriched in Mn (0.4-1.7 wt.%) and Na (0.1-4.1 wt.%) and in the KFe 3 S 4 and K 2 Fe 3 S 4 components (Dawson et al. 1995a , 1996 , Mitchell 1997 . Rasvumite from the alkali-rich ultramafic rocks of Coyote Peak and the skarns of Norway is nearly stoichiometric KFe 2 S 3 (Czamanske et al. 1979 , Jamtveit et al. 1997 .
Djerfisherite
Djerfisherite, a cubic K-Cl-bearing sulfide, K 6 Na 0-1 (Fe,Ni,Cu) 24 (Rudashevsky et al. 1979 , Czamanske et al. 1981 . Djerfisherite in chloride -shortite -northupite -calcite (Uv-2-03) and chloride (Uv-25-05) clasts (BSE images).
A-C: sample Uv-2-03, D: sample Uv-25-05. Ilm: zoned ilmenite (core: ilmenite, rim: pyrophanite), Sch: schairerite; for other symbols, see Table 1 . Evans & Clark 1981 , Szymański 1995 , Pekov et al. 2003 , Yakovenchuk et al. 2003 (Stoppa et al. 1997) . The existing data argue for the natural appearance of both Cl-bearing and Cl-free varieties of bartonite and djerfisherite, even within a single specimen; thus isomorphic substitution between Cl and S is a possibility (Czamanske et al. 1981) . Regarding anhedral grains of K-Cl sulfides, the electron-microprobe data (Czamanske et al. 1981 , Barkov et al. 1997 , Stoppa et al. 1997 , Sharygin 2006 are insufficient to classify correctly these mineral species.
The octahedral habit and the composition of crystals of the K-Cl sulfide from the UEK samples leave no doubt that they are djerfisherite. The mineral from the chloride-containing clasts, as well as the UEK groundmass , exhibits significant variations in composition (Tables 4, 5 ). However, djerfisherite appears to be compositionally homogeneous within individual grains. The abundances of Fe, Cu, Ni and Co are used to discriminate between djerfisherite from different lithologies in the chloride rocks studied (Fig. 8) . The first compositional group of djerfisherite with the following abundances (in wt.%) of Fe (41.1-50.1), Ni (3.8-12), Co (0.1-0.9), and Cu (0.15-7.3) is found mainly in the chloride-"nyerereite", essentially chloride and carbonate clasts. Djerfisherite from the second group is richer in Fe (53.4-55.6 wt.%), but poorer in other elements [in wt.%, Ni (0-1.1), Co (<0.15), Cu (<0.5)], and occurs in a chloride -shortite -northupite -calcite clast. Some crystals entrapped in shortite belong to the first compositional group (Table  4) . Djerfisherite coexisting with rasvumite in the chloride-"nyerereite" clasts has the following composition (in wt.%): Fe (41.1-45.7), Ni (7.3-11.9), Co (0.5-0.9), and Cu (0.2-1.8), whereas djerfisherite in the same association in the UEK groundmass is compositionally different (in wt.%): Fe (48.3-48.9), Ni (5.5-6.2), Co (0.4-0.5), and Cu (0.2-0.3). Such Fe-rich and Cu-free species are not typical of djerfisherite from the UEK groundmass .
Djerfisherite from the chloride-containing clasts shows no significant variations in potassium (8.8-9.6 wt.%), and those with lower K have elevated Na (up to 0.7 wt.%) compared to what is typical, <0.3 wt.% Na. In most cases, Rb and Cs are less than 0.05 wt.%, although djerfisherite from the chloride -"nyerereite" clasts can be slightly enriched in Rb (up to 0.15 wt.%). The variations of S and Cl are also not significant (33.5-34.3 and 1.2-1.5 wt.%, respectively).
The LA-ICP-MS analysis of djerfisherite from the UEK and kimberlite-hosted chloride-carbonate clasts confirmed relatively low abundances of Rb (<2000 ppm), Cs (<100 ppm), Tl (<330 ppm), and other trace elements that can substitute for K, Fe and S (<50-100 ppm; Table 4 ). Djerfisherite from the Udachnaya-East pipe is compositionally similar to djerfisherite (chlorbartonite ?) from the groundmass of the dolomite kimberlite of the Internatsional'naya pipe, Yakutia (Table 4) , which also has low Tl (20-40 ppm) and Rb (490-830 ppm).
diScuSSioN
Partitioning of Rb, Cs, Tl and Ba between rasvumite and djerfisherite
The discovery of Rb-Cs-rich rasvumite (Chakhmouradian et al. 2001, 2007) and pautovite (Pekov et al. 2005) shows new aspects of the behavior of Rb and Cs during the late evolution of agpaitic magmas (Lovozero, Mont Saint-Hilaire). Among all K-bearing sulfides, the rasvumite-type structure is the most suitable for large ions such as Rb and Cs (Pekov et al. 2005) . This is because of the greater interatomic distance <K-S> in the structure of rasvumite [3.41-3.70 (mean 3.52) Å (Clark & Brown 1980 )] compared to other sulfides: bartonite [3.12-3.47 (mean 3.37) Å (Evans & Clark 1981) ], chlorbartonite [3.27-3.44 (mean 3.35) Å (Yakovenchuk et al. 2003) ] and djerfisherite [3.13-3.46 (mean 3.36) Å (Dmitrieva & Ilyukhin 1975 , Zaccarini et al. 2007 ].
The compositions of associated rasvumite and djerfisherite in the UEK groundmass and related chloridecontaining clasts show strong partitioning of Rb and Cs into rasvumite (Tables 3, 5 ). In the UEK groundmass, the contents of Rb and Cs in rasvumite are 3590 and 650 ppm, whereas in djerfisherite they are 920 and 100 ppm, respectively. This distinction is more pronounced in chloride-"nyerereite" clasts: 7600-9400 ppm Rb and 700-1900 ppm Cs in rasvumite, 1980 ppm Rb and 80 ppm Cs in djerfisherite.
Rasvumite shows a less pronounced preference for Tl and Ba (Tables 2, 4 ). In the UEK groundmass, rasvumite contains 95 ppm Tl and 170 ppm Ba, whereas djerfisherite has 90 ppm Tl and 10 ppm Ba. In chloride-"nyerereite" clasts, rasvumite contains 400-480 ppm Tl and 100-210 ppm Ba, whereas djerfisherite has 170 and 30 ppm, respectively.
Origin of chloride-containing clasts
Chloride minerals and chloride-bearing clasts in the UEK groundmass represent a petrological oddity, the origin of which may well be important in understanding petrogenesis and emplacement of kimberlitic magmas. In the first paper describing chlorides in the Siberian kimberlites, their origin was a priori ascribed to postmagmatic crystallization from platform brines (Pavlov & Ilupin 1973) . The weakness of such idea is that platform brines cause a strong alteration in kimberlites, whereas the UEK samples studied have no serpentine of other low-temperature hydrous silicates. In contrast, the UEK chloride and chloride-carbonate clasts are essentially water-free, and their mineral assemblage (e.g., presence of "nyerereite", phlogopite, olivine, Ca silicates and K sulfides; see Table 1 ) strongly supports high-temperature crystallization , 2006 , b, Golovin et al. 2007 . Another model considered contamination of the kimberlitic magma by platform brines during emplacement (Egorov et al. 1988 , Kornilova et al. 1998 . However, such process should inevitably result in the formation of abundant H 2 O-rich minerals and further autometasomatic reactions. The UEK and chloride-containing clasts contain one potentially H 2 O-bearing mineral, phlogopite, but its abundance is low (<5 vol.%).
Two other scenarios can be responsible for the high-temperature origin of chlorides in the UEK. The chloride-bearing clasts may represent fragments of evaporites entrapped by and reacted with the kimberlitic magma. Such a mechanism is possible for some kimberlite pipes from the southern Siberian craton (e.g., Mir and Internatsional'naya pipes), where evaporites (halite and dolomite lithologies) are present among the country rocks. This is not the case for the sedimentary sequence around the Udachnaya pipe (Zinchuk 2000) , even at significant depths (up to 2000 m). Small lenses of halite (5-10 cm) were recorded in large carbonate blocks within the UEK (N.P. Pokhilenko, pers. commun.), but these cannot be taken as ample evidence of wider occurrence of chlorides in local sediments. Moreover, our samples lack borate minerals and bitumen (or products of their pyrolysis) that are typical of Siberian evaporites.
In our preferred model, we propose the formation of chloride-bearing assemblages at the latest evolutionary stages of the kimberlitic magma , 2006 and a mantle origin of chlorine in the UEK (Maas et al. 2005 ). An earlier crystallization of olivine drives the residual melt toward essentially "dry" and non-silicate compositions, as recorded by melt inclusions in the UEK olivine , Kamenetsky et al. 2004 , 2006 , which crystallize calcite, alkali carbonates, chlorides, sulfates and potassium sulfides at temperatures below 800°C. A late magmatic crystallization of potassium sulfides is also suggested for the Elwin Bay kimberlite and the Coyote Peak diatreme (Czamanske et al. 1981 , Clarke et al. 1994 .
Genetic aspects of crystallization of potassium sulfides
The petrographic relationships among different sulfides in the samples of the UEK groundmass and chloride-containing clasts that we have studied suggest that pyrrhotite was the earliest, and djerfisherite was the latest in the crystallization sequence. Djerfisherite is considered to be a late-magmatic mineral in the UEK, where it formed in the residual, essentially carbonatechloride melt ). This conclusion can also be applied to the Udachnaya-East rasvumite, which precedes djerfisherite (Fig. 3) . The latter only forms as chlorine becomes concentrated.
The solid-state synthesis of K-Fe-Ni sulfides (Clarke 1979) indicates that djerfisherite can form at temperatures from 356°C to at least 950°C. The crystallization of djerfisherite in the UEK groundmass was estimated to occur at 660-800°C ). Thus, we envisage even fiG. 6. LA-ICP-MS spectrum for rasvumite crystal from chloride-"nyerereite" clast, sample Uv-5c-03, Udachnaya-East pipe.
Numbers 6, 7, 8a, 8b correspond to compositions in Table 3. higher temperatures of crystallization for the earlier rasvumite in the UEK groundmass. However, these estimates of temperature of crystallization for potassium sulfides in the chloride-containing clasts are imprecisely known. The presence of rasvumite included in "nyerereite" can be considered as indicating simultaneous crystallization of these minerals. The liquidus temperature of nyerereite in the system Na 2 CO 3 -K 2 CO 3 -CaCO 3 (Cooper et al. 1975) , 810°C, provides the estimate of the maximum temperature for crystallization of rasvumite in the chloride-"nyerereite" clasts. As noted above, djerfisherite crystallized later, presumably at decreasing temperature, but above 415°C. The latter is deduced from the presence of djerfisherite inclusions in shortite, the homogenization temperature of salt inclusions in shortite , and phase relationships in the system Na 2 CO 3 -K 2 CO 3 -CaCO 3 (Cooper et al. 1975) . Replacement of pyrrhotite by the rasvumitedjerfisherite association in the skarns of Norway was estimated to occur at ~700°C (Jamtveit et al. 1997) .
fiNAl rEmArKS
During the last decade of intensive research of alkaline rocks, carbonatites and skarns, "specific" K-bearing sulfides appear to be more common accessories than previously considered (Clarke et al. 1994 , Barkov et al. 1997 , Jamtveit et al. 1997 , Mitchell 1997 , 2006a , Stoppa et al. 1997 , Jago & Gittins 1999 , Chakhmouradian et al. 2001 , Lisitsin et al. 2002 , Yakovenchuk et al. 2003 , Pekov et al. 2003 , b, Zaccarini et al. 2007 . The occurrence of rasvumite and djerfisherite in diverse magmatic and metasomatic rocks implies widely variable conditions of their origin. However, high-alkaline chlorine-and carbon-rich systems, such as the residual kimberlitic magma of the Udachnaya-East pipe and natrocarbonatite lavas of the Oldoinyo Lengai volcano, are then most favorable environment of formation of potassium sulfides.
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This paper is dedicated to Professor John Gittins who is an inspiration to many working on the petrology and geochemistry of carbonate-and halogen-rich magmas. LA-ICP-MS). 1-2: Udachnaya-East pipe. 1: kimberlite groundmass, 2: chloride-"nyerereite" clasts, 3: Lovozero, 4: Khibina, 5: Mont Saint-Hilaire, data recalculated in ppm after Chakhmouradian et al. (2007) .
